Non-planar wing configurations are often hypothesised as a means for improving the aerodynamic efficiency of large transport aircraft; C-wings may have the ability to exploit and unify drag reduction, aeroelasticity, and dynamics and control but their capacity to do so is ambiguous. The purpose of this work is to provide an experimental demonstration with the aim of verifying the C-wing configurations practical application. Thus, the main objective of this investigation is to quantify the C-wing's ability for drag and load alleviation relative to a planar wing of equivalent wingspan, lift, and root bending moment at Re = 1.5 × 10 6 . Surface clay flow visualisations have been used to provide insight into the flow over the wing surface. Aerodynamic performance metrics show that despite the C-wing operating with a 19.1% higher wing wetted area, a peak total drag reduction of 9.5% at α = 6 o is achieved in addition to a 1.1% reduction in the wing root bending moment for equivalent lift. Force platform measurements in combination with laser vibrometry enabled a detailed understanding of the vibrational characteristics between the model and the wind tunnel. It is shown that the C-wing can passively attenuate buffet induced vibrations of the main-wing by up to 68.6% whilst simultaneously reducing total drag without a significant increase in wing weight or root bending moment.
In the cruise phase of large transport aircraft, typically 90% of total flight time, the induced drag is relatively lower than the parasitic drag but still contributes 40% to 45% of the total drag budget 4, 5 . According to Airbus, a 1% reduction of the total drag for an A340 aircraft operating over long ranges saves 400,000 litres of fuel and consequently 5000kg of noxious emissions per year 6 . If this drag reduction where to be directly correlated to induced drag lower noise emissions would also be achieved. In fact, the trend of wing design specification for commercial transport aircraft over the last 70 years has been to increase the aspect ratio and flexibility (reducing weight) such that more optimal lift distributions (and so lift-to-drag ratios) can be reached. In the same time period commercial interest in non-planar wingtip devices (winglets), whether purpose designed or retrofitted to older fleets, to passively reduce the wing induced drag in take-off, climb, cruise, and decent phases (for a fixed wingspan) is evident 7, 8 . However, the lift distribution of today's modern aircraft are already so tightly optimised for compromise between aerodynamic loading, structure, physical size, stability and control, safety , etc., any significant reductions of induced drag cannot be easily obtained, and indeed, there have been several high-fidelity optimisation strategies that strive to further optimise conventional planar wings [9] [10] [11] .
A potential step forward in air transportation is the introduction of new disruptive technological advancements, which may result in unconventional aircraft configurations [12] [13] [14] .
Non-planar wing configurations have been widely recognised as a means of reducing total drag compared to conventional planar wing systems of the same span and lift 8 . A number of unconventional configurations have so far been proposed including the blended-wingbody [15] [16] [17] , C-wings 18 , polyplane, ring wings 19 , box wings 20 , and joined wings [21] [22] [23] , including strut-and truss-braced wings [24] [25] [26] , however, very few exploratory experimental investigations have been conducted on such configurations. In fact, the box wing arrangement among all non-planer configurations was shown by Prandtl 27 to offer the 'best wing system', achieving the minimum possible induced drag for a given lift and height-to-span ratio 28 .
C-wings have been considered a compromise between a box wing and a winglet; theoretically providing a reduction in the induced drag that approaches that of the closed box wing 14,29-31 arrangement whilst additionally reducing the viscous drag penalty incurred by large wetted areas 32, 33 . The C-wing and box wing have also been recognised to have the potential to replace the conventional horizontal stabiliser to provide pitch control 18, 34 . However, owing to large and heavy wingtip extensions, the C-wing is inherently sensitive to structural and aeroelastic issues; they are not closed systems like box wing arrangements which are, by comparison, much stiffer as the upper wing is fixed. Despite the aeroelastic concerns C-wings are seemingly prone to, conceptually the auxiliary lifting surface at the main-wing wingtip could be used to introduce substantial damping to modes of vibration;
the characteristics of such a design is not obvious.
In consideration of aerodynamic properties alone, Gage 29 identified the C-wing configuration as an optimal solution while attempting to minimise the induced drag of a planform with fixed lift, span and height. Slingerland and Verstraeten 35 used a low-fidelity potential flow model with a drag-free wake to investigate the drag characteristics of optimally span-loaded planar wings, wings with winglets and C-wings. They concluded that with a constrained wingspan, winglets were able to provide drag reductions on the order of 5%, but no significant advantages were found using C-wing configurations. Ning and Kroo 36 conducted a similar investigation taking into account the area-dependant weight, effects of critical structural loading, and stall speed constraints. They concluded that C-wings achieved a lower net drag compared to winglets for a constant positive pitching moment about the aerodynamic centre, especially for wing planforms with span constraints and low sweep. Looking at aeroelastic design trade-offs, Jansen et al. 33 used a medium-fidelity aerostructural panel code approach to show that for maximum induced drag efficiency a box wing configuration was optimal. When compensating for viscous drag effects alone the C-wing configuration was preferred. However, when structural considerations were taken into account, the C-wing and box wing configurations were found to add more structural weight than their respective drag reduction potential could compensate for; i.e. the reduction in induced drag was not worth the gain in structural weight.
Gagnon and Zingg 37 later performed high-fidelity aerodynamic shape optimisation for several non-planar aircraft concepts: a blended-wing-body with C-wings, a box wing, and a high-aspect ratio strut-braced wing. They identified that C-wings provided much greater span efficiencies under optimal loading, however encountered difficulties when optimising the C-wing. By only accounting for variation in the C-wing's horizontal extension span and dihedral, at a fixed height and stagger, the configuration could not be properly optimised.
The optimiser attempted to unfold the C-wing in favour of a winglet of increased length.
Therefore, the authors conclude that C-wings do not appear to offer any significant benefits over winglets but do point out that more research is needed to confirm this as C-wings offer the opportunity for tailless aircraft with substantially reduced total wetted areas.
Bauhaus Luftahrt 38-40 numerically investigated the development of a C-wing configuration designed for a tailless electric passenger aircraft. The concept was suggested to be able to achieve pitch control and trimmed flight, but the ability to achieve induced drag reduction while maintaining pitch stability requires more evidence. Airbus 41 has also shown interest in the C-wing due to its ability to exploit and unify drag reduction, aeroelasticity, and flight dynamics and control. It is suggest that longitudinal stability requirements cannot be met if significant reductions in induced drag are perused; the performance improvement due to induced drag reduction was lost due to the increased wing weight necessary to provide control authority. Aeroelastic design constraints of the C-wing, to avoid flutter and divergence, were able to be met in the optimisation design problems when provisions where made to not use the top-wing to provide longitudinal control authority. This reduced the weight of the outboard wing section. Potential aerodynamic benefits of C-wings have also been realised by Suresh et al. 42 , who used a commercial computational fluid dynamics (CFD) package to compare a planar wing with, and without, an arbitrary C-wing extension. Inviscid simulations with a Mach number of 0.85, and Reynolds number of ≈ 10 8 , conclude that the lift-to-drag ratio increased for low angles of attack, however this is the result of large increases in both lift and drag. Parasitic drag, wing loading and/or moments were not taken into account in this study. Following on from this work Gobpinaath et al. 43 present a combined numerical and experimental investigation of C-wings at low Reynolds numbers ( ≈ 1.8 × 10 5 ). They observed that the C-wing can achieve improved lift-to-drag ratios in the range of 2 ≤ α ≤ 6 compared to an equivalent planar wing.
Conclusions and understanding of the performance of C-wing configurations, whether positive or negative, are conflicting. Numerical investigations vary depending on the specific design problem considered and the fidelity/scope of the physics models used. This is compounded by the distinct lack of experimental wind tunnel data. Thus, the objective of this work is to provide an experimental demonstration with the aim of verifying the C-wing configurations practical application. The wind tunnel tests are designed to be an exploratory 'proof of concept' study. This is achieved by considering aerodynamic metrics of the C-wing relative to a planar wing of equivalent wingspan, lift, and root bending moment while considering how the global flow over the main-wing is effected by the addition of the C-wing.
Furthermore, efforts have been made to design the wing configurations such that bend-twist deformations were decoupled when aerodynamically loaded, resulting in near pure bending of the wing. This characteristic enabled the assessment of buffet induced vibration by simplifying the dominant vibration of the main-wing to bending modes alone.
II. THE C-WING LAYOUT
The C-wing configuration is a three element wing system consisting of a side-wing and top-wing mounted at the wingtip of the main-wing, as shown in figure 1.
C-wings differ from other multi-element configurations (such as a bi-plane or canard) as the secondary surface is designed to produce a down force, thereby acting against useful lift 14 .
Typically non-planar wing configurations attempt to reduce induced drag contributions by scheduling the loading on each of the lifting surfaces, the C-wing achieves drag reduction via two mechanisms: 1) alteration of the main-wing load distribution by promoting a less pronounced decrease in local lift at the main-wing wingtip; and 2) forward tilting of the lift vector of the top-wing where the main-wing's down-wash is exploited to produce a thrusting effect. If designed appropriately, winglets, and indeed all non-planar wingtip variants, can be made to show aerodynamic advantages when compared to conventional designs but often fail as they usually lead to structurally heavier wings with detrimental increases in parasitic drag.
The optimal loading condition indicated in figure 1 indicate that the circulation of the main-wing is carried onto the side-wing, acting much like a winglet, thus loaded inward toward the fuselage 14 . The circulation is then further extended onto the top-wing producing a net down-loaded surface for minimum induced drag at a fixed total lift and wingspan.
The goal of minimising the induced drag of the system requires the gradients of circulation, where possible, to be minimised 27 . Conventional planar wings shed strong vortices at the wingtips and the circulation tends to zero. Hence, distributing the vorticity in the wake over an effectively longer wingspan would reduce the wake sheet intensity (weaker vortices shed), in addition to moving the wingtip vortices closer together than that for a conventional wing, accelerating the breakdown of the wake system 18 . The down-loading of the top-wing surface will naturally have an effect on the structural weight, performance and control, and may provide a means of stability that is less effected by the main-wing down-wash such as conventional horizontal stabilisers.
III. EXPERIMENTAL SET-UP
A. Experimental Facility In this study, only information of the total drag is available, hence independent variations of the parasitic and induced drag cannot be assessed. To reduce the complexity for both the experimental campaigns and model manufacture, all wing sections are untwisted with a constant NACA 63 1 − 412 aerofoil section. Due to lack of wing twist (washout) sub-optimal lift distribution over the wing, regardless of wingtip arrangement, is expected. Furthermore, while the C-wing may achieve a total drag reduction, is it unlikely that it will provide the optimal reduction of induced drag. Each wing arrangement was designed using a in-house developed population structured genetic algorithm (sGA) which utilised an experimentally validated unsteady vortex-ring panel code 46 . This provided an effective design tool to ensure experimental constraints and design criteria could be met while maintaining characteristics of each wing arrangement.
Thus, the design of the two wings are related in their design architecture with the same specifications and underlying physics, additionally facilitating a C-wing design that is not arbitrary. The planar wing's design specification was dictated by criteria adhering to the test facility limitations which placed restrictions on wing sizing (relative to the wind tunnel working section), and maximum feasible force/moments dictated by the force platform range.
The latter placed constraints on the maximum measurable root bending moment, while the algorithm's objective minimised the induced and parasitic drag of the wing independently.
The sGA also designed the wing such that the aerodynamic centres of the planar wing aligned with the 34% chord along the span for alignment with the physical wing's elastic axis.
For the C-wing, the sGA was tasked to redesign the outboard 26% of the planar wing wingspan in the design of the C-wing wingtip; this preserving the main-wing section between arrangements as shown in figures 3 and 4. The C-wing configuration was designed to reduced total drag of the system while maintaining an equivalent (or smaller) wingspan and root bending moment for the same lift relative to the planar wing configuration. This enables a confident comparison of the arrangements with regards to the aerodynamic performance of the overall wing system 7 . The successful application of any non-planar wing system for improving the aerodynamic efficiency depends entirely upon the ability to construct the wing system such that a sufficiently low root bending moment and parasitic drag is maintained, relative to the equivalent planar wing system 12 . It is important to emphasise that both configurations in this study are not truly optimal, but are optimal given the allowable design space and experimental constraints.
IV. AEROELASTIC WING DEFORMATION
Wings are prone to distortion when exposed to aerodynamic loads from which structural distortions modify the aerodynamic loading, which then feedback into further structural distortions. The main-wing section, indicated in figures 3 and 4, has been designed to provide, as closely as possible, pure bending deformation in order to simplify the wing analysis. This is typically achieved though passive aeroelastic tailoring 47, 48 . However, in the present study aeroelastic tailoring of the wing structure has not been adopted as the wing components are manufactured from polyurethane foam, an isotropic material. Thus, to achieve decoupled bend-twist deformation, the moments acting around the main-wing elastic axis have been balanced. Furthermore, this approach inherently provides confidence that structural failure from torsional divergence or flutter will not occur.
Consider the elastic deformation of a swept finite planar wing with aerodynamic centres over the wingspan, with elastic and inertial axes as presented in figure 5 . Wing cross section A-A illustrates the distances/moment arms which can drive aeroelastic bend-twist coupling: the aerodynamic coupling, ec, and the inertial coupling, ac. To observe the static aeroelastic characteristics of such a configuration, a distributed aerodynamic loading would act as a distributed load through, and a distributed twisting moment about, the elastic axis.
Thus, the total translation at elemental section, δz, can be described as the combination of rotations caused by elastic twist, θ from torsion about the z axis, and the wing bending
where ω is the wing's bending about axis x . The effect of elastic deformation, θ E , over the wingspan thereby modifies the wing root angle of attack, α 0 , across the wingspan. Thus, the effective angle of attack α ef f along the span of a swept wing is described as:
Consider the static aeroelastic deformation of the wing, i.e. the interaction of aerodynamic loading from a steady flow and the associated elastic deformation of the wing structure. This type of interaction is characterised as being insensitive to rates of change and accelerations of the structure. Hence, by using fundamental aeroelastic theory the effect of aerodynamic coupling on bend-twist deformation is considered. The total elastic deformation over the wingspan at elemental strip, δz, of infinitesimal thickness, can be described by two equilibrium equations: one for torsional moment equilibrium, and one for bending force equilibrium. Such equations can be expressed as 49 :
Torsional moment equilibrium:
Bending moment equilibrium:
Gravity conventionally acts in the −y direction relative to the wing presented in figure   5 , but for the current experimental set-up gravity acts in +z. It is observed analytically that when ec → 0, ac → 0, and g = 0, bend-twist coupling of the wing is almost entirely mitigated, except from the inherent contribution from wing sweep. Thus, equations 2 and 3 reduce to:
It is highlighted that as gravity is not acting in the conventional direction relative to the wing orientation (but along the wing span), the wing's inertial axis will persist as the wing has mass, but the effects of which will be negligible. Hence, alignment of the aerodynamic centres along the wingspan with the elastic and inertial axis will result in pure bending elastic deformation, ω, with aerodynamic loading as indicated in figure 6 . 
B. Force and Moment Measurements
Changes in lift, drag, pitching moment about the model's centre-of-gravity/pitch axis, and the wing's notional root bending moment are presented in figure 9 , illustrating the behaviour of the C-wing relative to the planar wing. All measurement have been corrected for solid-body blockage (Planar wing: 4.9% at α = 14 o ; C-wing: 5.2% at α = 14 o ), wake blockage, and horizontal buoyancy using methods presented by Barlow et al. 56 . The force and moment data presented have been calculated with a confidence level of 98% with a margin of error less than 1% for each datum. The model has only been operated in the pre-stall region to prevent damage to the wing due to high flexibility in bending.
In order to draw comparisons between the two wing configurations, in which one is expected to achieve some reduction of the induced drag, it is common practice to maintain equivalent wing lift coefficient without any gain in root bending moment The linear portion of the lift curve slope for the planar wing is −5 ≤ α ≤ +7, while the linear portion of the C-wing is −5 ≤ α ≤ +5; the resulting lift curve slope, C Lα , is 0.100 and 0.104 respectively. At negative angles of attack, the C-wing's top-wing angle of attack becomes increasingly more positive, and so more strongly down-loaded. Hence, the increasingly down-loaded top-wing reduces the wing's net lift relative to the planar wing, as evident in figure 9 (a), also resulting in the reduced root bending moment seen in figure 9 (d).
The down-loaded top-wing is also alters the pitching moment in figure 9 (a). The top-wing not only causes a nose up pitching moment for α ≤ −2 o , but is also seen to maintain a negative pitch stiffness derivative, C mα , thus implying longitudinal static stability. In this condition the main-wing's wake begins to impinge on the top-wing reducing it's effectiveness.
To summarise the tends discussed in the aerodynamic coefficients, figure 10 presents the percentage increase/decrease of the C-wing's aerodynamic coefficient at angle of attack α relative to the planar wing arrangement. It is immediately event that at negative angles of attack, the down-force of the top-wing causes a reduction in lift and root bending moment root bending moment, while increasing total drag. This has the combined effect of also reducing the lift-to-drag ratio. Over positive angles of attack (0 ≤ α ≤ +14) the lift-to drag ratio increases by an average of 8.5%, with a peak increase of 10.67% at α = 6 o .
C. Model Vibration

Bump Tests
The transient response from bump tests for both the planar wing and C-wing arrangements have been analysed to better understand fundamental vibrational characteristics without the influence of wind loading (vibrations from wind tunnel turbulence) and forced wind tunnel vibrations (vibrations related to natural frequencies of the wind tunnel structure).
By focusing the laser vibrometer to different measurement locations and bump testing the model, thereby exciting all natural frequencies of the model, measurements of the associated natural frequencies and system damping can be identified. Since the measurements are one-dimensional, the bending and torsional modes cannot be definitively differentiated.
However, from the experimental observations dominant the modes are anticipated to be the bending modes typical of swept-wings.
The frequency response evaluated from the main-wing for both wing configurations are planar to 32.1Hz) in figure 11 (a). The C-wing is also observed to introduce a unique low magnitude split-peak within the frequency domain at 8.45Hz and 8.98Hz.
The top-wing extension is suitably positioned for passive vibration absorbency as is it connected via wingtip which will experience the structure's greatest amplitude deflections 58 .
Such a design is expected to introduce other peak response frequencies in the structure, typically one bellow and the other above the excitation frequency it suppresses 59,60 . The dominant 7.2Hz peak present in the planar wing has been broken down into two smaller frequency shifted peaks in the C-wing configuration (5.0Hz and 12.7Hz). This behaviour is indicative of the C-wing acting as a dynamic vibration absorber [61] [62] [63] , absorbing the vibrational energy within a certain frequency interval thereby reducing the dynamic response of the system. The sharpness of the frequency peaks imply that the vibration absorber has very low damping 61 ; a damped/tuned vibration absorber would have characteristically softer peaks.
Considering the bump tests performed directly on the C-wing, the split-peak becomes more predominant as seen in figure 11(b) ; the bump test location shown in figure 11 (b) is located on the C-wing's top-wing wingtip at 34% local chord. Examination of the temporal response from bump tests is displayed in figure 12 and can be used to gain further insight into the split-peak phenomena observed. Main-wing vibrations under bump testing ( figure   11(a) ) for both the planar and C-wing cases give temporal responses shown in figures 12(a) and (b), respectively. Perceptual segregation of the modal frequencies has been achieved through applications of elliptic bandpass filters which can provide sharp roll-off, helping to isolate frequencies that are close to one another. The overall system reaction to bump tests characteristically resembles the response of an under-damped 2 nd order system. This free vibration, due to an initial displacement θ o , is theoretically described by: The two carrier waves, with frequencies of 8.45Hz and 8.98Hz, are identified to be the natural frequencies of the side-wing and top-wing respectively. Considering the physical vibration and interaction between these two components, they are inherently mechanically coupled. Thus with the two vibrations excited simultaneously, the law of superposition states that the total amplitude is the sum of the vibrational amplitudes at time t. Figure 13 cos(2πf tw t) + cos(2πf sw t) = 2cos 2π
Equation 7 characterises the interference pattern created as the periodic variation in the amplitude (amplitude modulation) of a single carrier wave with frequency f av , where the function modulating the amplitude is occurring at frequency f AM . Intuitively beats occur at twice the amplitude modulating frequency, thus the number of beats per second is the difference in frequency between the two interfering waves:
A summary of the vibrational frequencies associated with the C-wing bump tests and the domain in which they are detectable is summarised in table II.
As the force platform is connected via a steal mounting system through the fuselage symmetry plane the natural frequencies related to the fuselage must also be examined with exclusion of the wind tunnel vibrations. This is necessary to fully understand and explain the frequencies of the forces and moments monitored by the force platform under live experiments. Figure 14 shows the bump test responses observed in the longitudinal axis of the fuselage for both the planar and C-wing configurations. Examination of the figure shows that the effect of different wing configurations is negligible on the frequency spectra observed in which there are two distinct frequencies; the low magnitude of the vibrations are due to the high stiffness of the fuselage. The 9.3Hz registered is anticipated to be related to the fundamental bending mode of the main-wing structure, previously identified at 7.2Hz for the planar wing, and 5Hz for the C-wing. It is logical that a frequency shift in the wings fundamental mode is observed between the two measurement locations as they structurally separated by several components of varying material. The 39.9Hz frequency is only excited through longitudinal bump tests of the fuselage.
Wind tunnel Vibrations
In this study we consider static conditions only. However even under static conditions, wing deformation combined with vibrations will inevitably contribute towards a more dynamic loading detected by the force platform. Previous bump tests enabled the identification of frequencies related to the semi-span model in isolation of the wind tunnel influence. Similarly, it is imperative to understand the frequencies that will be forced onto the model by the wind tunnel by both vibrations in the air and the wind tunnel structure. Figure 15 shows To achieve this Reynolds number, the wind tunnel fan operates at approximately 615rpm (= 10.25Hz) which may drift slightly depending on the air temperature. This frequency is visible in the Fourier transform in figure 15 , in addition to a 40.80Hz frequency due to the fan having four blades, and a 82.01Hz frequency related to the fans section's eight stators. It is noticeable that the vibrations related to the stators are stronger. This is due to the stators imposing a direct structural vibration on the wind tunnel's frame, while the vibrations related to the fan are vibrations in the airflow (the fan is not connected to the wind tunnel structure).
Model Vibration During Wind Tunnel Tests Laser Vibrometer
Measurement locations with the laser vibrometer during live wind tunnel experiments are identical to those considered for the bump tests. Figure 16 The frequency response for both wing configurations, shown figure 16 , are found to identify the same modal frequencies as the bump tests in figure 11(a) . Further reiterating the findings from the bump tests suggesting the C-wing acted as a dynamic vibration absorber, figure   16 shows a significant attenuation of the wing vibrations. It is visible that the 7.2Hz peak present in the planar wing has been split into two frequency shifted peaks in the C-wing configuration, 5.3Hz and 11.8Hz respectively, in static wind tunnel testing. The split-peak arising from the side-wing/top-wing vibration interference is noticeable but could have been easily over looked and regarded as noise had bump testing not highlighted it's existence.
Considering the first two dominant modes only (1 st M ode: 7.2Hz for planar; 5.3Hz for Cwing. 2 nd M ode: 33.5Hz for planar; 33.2Hz for C-wing.), table III gives a summary of attenuation or amplification of the C-wing's main-wing vibrations relative to the planar wing. While there is a slight amplification of the second dominant mode at α = 0 o in tables III, all other cases show attenuation of the vibration amplitude. As separation over the upper side of the wing spreads, the wing will begin to buffet, the strength of which will increase with angle of attack. Notably, the C-wings ability to attenuate the main-wing vibrations improves as buffeting/separation worsens; attenuation of the fundamental mode is reduced by 68.63% at α = 14 o .
From surface clay flow visualisations it is understood that the planar and C-wing share very similar stall characteristics. Buffeting results in a particular form of unsteady separation arising over a wing facilitating vibrations in the wing structure. Previous studies 65 have shown that the predominant buffet frequencies are expected to correspond to the fundamental bending frequency. This phenomenon is not critical for aircraft but does limit the flight envelope of commercial aircraft as the maximum allowable intensity of buffet is limited by regulations for passenger safety. Buffeting is additionally detrimental to the flying performance and manoeuvrability; if a reduction in the intensity of buffeting was applied to a commercial aircraft this would enable flight at higher altitude and increase the take-off weight.
Modern attempts to reduce buffeting are typically approached in two ways: 1) applying small static actions to control surfaces to slightly increase lift; 2) modifying the wing aerodynamics to avoid flow separation by adapting the wing profile or using mechanical vortex generators. The latter can be difficult to implement while only delaying buffet occurrence and does not reduce its intensity. In addition, aerodynamic modifications (such as mechanical vortex generators) are only effective in respect of buffeting of a specific nature and have been shown to increase drag in nominal cruise conditions 66 . There have been some attempts to actively reducing buffeting of swept wings in view of addressing a broad frequency spectrum, but these methods are complex, require instrumentation and power supply, and will add significant weight to the wing 67 . The findings of this study have shown that the C-wing has passively attenuates vibrations from buffet whilst simultaneously reducing total drag without a significant weight increase or root bending moment.
The C-wing dynamic vibration absorbency provided by the auxiliary mass (the top-wing)
to the main vibrating system (the main-wing) can be described by the differential equations:
At frequencies well below resonance of the auxiliary mass, both masses move in phase and no vibration absorbency would be observed. Above its resonant frequency, the auxiliary mass provides an apparent fixed point in space which results in an opposing force being transmitted to the main-system. Through conservation of energy, the amplitude of displacement/velocity of vibration of the main system is reduced as kinetic energy is transferred to the auxiliary mass, thereby increasing the amplitude of displacement/velocity of vibration of the auxiliary mass 68 . The vibration of the auxiliary mass (the top-wing) moves out of phase with the main-wing. Therefore the elastic deformation of the side-wing is not only key for the transfer of forcing/kinetic energy, but also plays an important role in the mechanical impedance of the system and could be a structural point of failure if material fatigue is considered. Figure 17 shows the frequency response of the C-wing's top-wing at three angles of attack Due to the nature of the top-wing acting as a vibration absorber, and therefore absorbing kinetic energy from the main-wing, the dominant velocity magnitudes of the top-wing are significantly higher than that for the main-wing. At α = 14 o the velocity magnitude of the top-wing is noted to be 361.16% higher than that detected for main-wing structural vibrations.
It is appreciated that the induced vibration from buffeting are entirely different from gust loading and violent manoeuvres in a turbulent atmosphere with unsteady phenomena of short duration. Buffeting is induced by aero-elastic coupling between a constant source of excitation which can persist for long periods and has a stable and reproducible response. Consequently, particular flight conditions such as gusts do not occur under the same conditions, therefore the C-wing's vibration absorbency may not achieve the same level of attenuation. Aerodynamic performance metrics of each configuration were assessed using a force platform.
Additionally, the model vibrations were evaluated and characterised using single-point laser vibrometry.
The surface clay flow visualisations identified the similarities in each wing configuration's stall characteristics, indicating that the C-wing's effects on stall over the main-wing are negligible. Assessment of each configuration's aerodynamic performance metrics showed that, despite the C-wings 19.1% increase in wing wetted area, an average total drag reduction of 7.4% over a 0 o ≤ α ≤ 14 o angle of attack range was achieved, i.e. where induced drag contribution to the total drag was dominant. A peak total drag reduction of 9.5% was reached at α = 6 o . This is accomplished with the C-wing maintaining equivalent lift and root bending moment to that of the planar wing configuration. At negative angles of attack the total drag is seen to increase by up to 16.6% as parasitic drag dominates.
Furthermore, the C-wing's ability act as an undamped vibration absorber achieved a 68.63% attenuation of the excited primary bending mode due to buffet at α = 14 o , relative to the planar wing. The C-wing's ability to passively maintain considerable drag reduction and vibration damping without significant increases in wing weight or root bending moment are promising. There are however structural limitations to the C-wing configuration, the primary limitations being: 1) inertial loading coupled with wing weight distribution; 2) the possibility of side-wing failure through material fatigue/inertial loading. The former was not an issue in this study as the wing was mounted vertically; however, it is necessary to highlight that this does understate the effect of gravity on the relatively heavier C-wing wingtip. The latter is a bi-product of the C-wing acting as an effective vibration absorber where is is seen the top-wing's dominant vibrational velocity magnitude is up-to 361.16% higher than that experienced by the main-wing.
It is also shown that forced vibrations from the wind tunnel excited the fuselage's natural frequency which translated to noisy interpretation of aerodynamic performance metrics. This is somewhat a consequence of a peniche-less semi-span model having less structural support and stiffness. However, with the characterisation of the model's natural frequencies a suitable 38Hz low-pass filter was implemented. This was found to reduce the force platform signal noise without significant changes to the mean signal values. Typical aerodynamic, elastic, and inertial axes of a swept planar wing with aerodynamic coupling ec, and inertial coupling ac resulting in coupled bend- 
